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FOREWORD 


This  report  was  prepared  by  the  General  Electric  Company,  Light 
Military  Electronics  Department,  Johnson  City,  New  York,  on  Air  Force 
Contract  No.  AF33(657)1 1318,  "Analytical  Investigation  of  Control  Require¬ 
ments  for  High  Speed,  Low  Altitude  Penetration.  "  The  contract  was  initiated 
under  Project  3226,  F  ilght  Control  System  Techniques  for  Stabilization, 
Control  and  Recovery  of  Advanced  Vehicles;  Task  No.  822601,  Advanced 
Flight  StaoihzaLon  System  Techniques.  The  work  was  administered  under 
the  direction  of  the  Flight  Dynamics  Laboratory,  Research  and  Technology 
Division  of  the  Air  Force  Systems  Command,  with  Mr.  Duane  Rubertus  as 
Project  Engineer.  The  investigation  was  conducted  from  July  1,  1963  to 
May  10,  1964. 

This  report  contains  unclassified  extracts  from  FDL-TDR-64-99  having 
the  same  title. 

Principal  contributors  to  this  study  were  Messrs.  R.  B.  Ohnmacht, 

R.  P.  Quinltvan,  J.  D.  Snyder,  G.  Tye,  andH.H.  Westerholt. 


ABSTRACT 


The  purpose  of  this  work  was  investigation  of  control  requirements  for 
high  speed,  low  altitude  penetration. 

The  course  of  action  taken  made  use  of  a  moderately  sophisticated 
simulation  of  all  elements  of  the  automatic  control  of  an  aircraft  in  pitch. 

The  control  techniques  which  were  used  are  a  departure  in  concept  from 
those  popularly  used  to  date. 

Evaluation  of  the  simulated  system  performance  was  the  chief  means 
of  system  analysis.  The  evaluations  were  made  using  four  terrain  samples, 
and  included  seventeen  combinations  of  aircraft  configuration  and  flight  con¬ 
ditions,  gust  disturbances,  and  radar  errors.  A  limited  evaluation  of  manual 
control  was  made. 

In  the  interests  of  brevity  and  the  desire  to  keep  this  "Report  Brief' 
unclassified,  specific  results  have  not  been  included. 

It  is  concluded  that  the  conceptual  approach  and  techniques  studied 
promLse  to  give  advanced  automatic  terrain  following  systems  with  superior 
performance  in  real  environments  without  adjustment  for  changes  in  flight 
dynamics  or  terrain  characteristics. 

This  Technical  Documentary  Report  has  been  reviewed  and  is  approved. 


w.  A.  51  o  a 


/ 


"A."  Sloan,  Jrv 
Coion  el  USA  F  !/ 

Acting  Chief,  Flight  Control  Division 
AF  Flight  Dynamics  Laboratory 
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SYMBOLS 

desired  acceleration,  ft/sec2 

indicates  a  digital  to  analog  conversion  function 

aircraft  altitude  relative  to  fixed  reference,  feet 

aircraft  altitude  relative  to  the  terrain,  feet 

desired  trajectory  altitude  relative  to  fixed  reference,  feet 
(used  to  designate  a  function  of  forward  time) 

terrain  altitude  relative  to  fixed  reference,  feet 

minimum  clearance  altitude  command,  feet 

desired  trajectory  altitude,  feet 

(used  to  designate  a  function  ot  reverse  time) 

terrain  altitude  relative  to  fixed  reference,  feet 
(used  to  designate  a  function  of  reverse  time) 

basic  increment  of  altitude  used  in  digital  functions,  feet 

computed  altitude  command  for  terrain  following,  feet 

gain  of  acceleration  transfer  function 

computed  altitude  command  for  terrain  following,  feet 
(used  to  designate  a  function  of  reverse  time) 

feedback  gain  terms 

control  signal,  ft/ sec "  or  g  -  • 

2 

aircraft  normal  acceleration,  ft/sec  or  g 
Laplace  transform  variable 


t  time,  seconds 


vi 


SYMBOLS  (Cont’d) 


time  constant,  general,  seconds 
aircraft  ground  velocity,  ft/sec 
desired  vertical  velocity,  ft/sec 
reverse  time  variable,  seconds 
future  time  variable,  seconds 
fixed  interval  of  time,  seconds 
acceleration  error  weight  factor 
altitude  error  weighting  factor 
altitude  rate  error  weighting  factor 
time  derivative 
second  time  derivative 
third  time  derivative 


Section  1 


INTRODUCTION 


The  advantages  of  low-altitude,  high-speed  penetration  result  from  the 
difficulties  in  detection  and  short  response  time  imposed  on  enemy  defenses. 
Previous  studies  have  shown  that  the  vulnerability  of  a  high  subsonic  or  super¬ 
sonic  terrain  following  aircraft  is  approximately  proportional  to  average 
clearance  altitude.  For  any  particular  pre-planned  mission,  vulnerability 
to  enemy  defenses  would  therefore  be  minimized  by  minimizing  average 
terrain  clearance. 

Because  of  the  limited  capability  of  equipment  such  as  radars  and  radio 
altimeters,  a  certain  minimum  clearance,  dependent  upon  the  particular 
sensor  accuracies  and  on  the  particular  terrain  following  system,  is  to  be 
maintained  in  order  to  have  an  acceptable  probability  of  avoiding  "clobber". 

The  conflicting  requirements  of  minimum  average  clearance,  subject  to 
an  absolute  instantaneous  clearance,  limited  vertical  acceleration,  and  lim¬ 
ited  frequency  of  vertical  acceleration  present  a  tradeoff  or  "optimization* 
problem  of  considerable  difficulty. 

Because  the  duration  of  the  terrain  following  flight  might  be  an  hour  or 
more,  because  the  pilot's  attention  must  also  include  other  aspects  of  the 
mission,  and  because  of  increased  performance  capability,  it  is  necessary 
that  the  terrain  following  system  be  automatic  for  the  major  portion  of  the 
mission  It  has  been  argued  that  a  well  trained  pilot  can  accomplish  better 
performance  than  an  automatic  system.  These  conclusions  are  drawn  from 
performance  of  particular  systems,  however,  and  there  is  no  reason  why  an 
automatic  system  cannot  provide  equal,  if  not  bet'er  performance  than  can 
be  obtained  manually  if  the  proper  approach  to  the  control  problem  is  taken. 

Some  form  of  radar  sensor  is  obviously  needed  to  detect  the  terrain 
profile  along  the  projected  flight  path  if  acceptable  and  safe  terrain  following 
performance  is  to  tie  realized  under  all  conditions  of  weather  and  over  any 
terrain.  A  great  deal  of  time  and  effort  has  been  devoted  to  this  sensor  prob¬ 
lem. 


It  has  not  been  apparent,  however,  how  this  radar  sensor  may  best  be 
used  to  control  the  longitudinal  motion  of  the  aircraft  through  all  variations 
of  its  dynamics  so  as  to  realize  a  minimum  average  clearance.  It  is  desira¬ 
ble  to  accomplish  such  control  within  specified  limits  of  stress  on  the  aircraft 
and  crew,  within  acceptable  limits  of  flight  safety,  and  over  all  terrain  without 
system  modification  or  adjustment.  It  is  this  latter  problem  to  which  the 
effort  reported  here  has  been  primarily  directed. 

M a nu s c r  1  pt~ releas e 4  by  the  authors  .June  I,  1964,  for  publication  as  an  RTD 
Technical  Documentary  Report. 
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Section  2 

THE  CONTROL  PROBLEM 


the  altitude  ofa  hL^^/0  whlch  0,13  reP0rt  i3  addressed  ts  that  of  controlling 

limued  afutude  "Ith  ,Sp€Cifled  dynamIc3'  and  with 

that  the  vehiri!  i.f.f/t1'  !t  19  a  particularly  difficult  control  problem  in 
Stiea  fortlH  urf? T  Contlunu°U3ly  man^vered  with  relatively  Urge  p^n- 
Hmlted  in  !  w  n3;  !,lther  P°sitlve  0r  negative.  In  addition  to  being 

pracllca'blMn'order'to  miMmiz^pUot^tatlgue'!3'  **  mal"U‘,'ed  “  "T1  ” 

Cclos^on  X^Tho' 

reslrlrtfd  However,  since  acceleration  Is  rather  severely 

is  m  eMMtf.f  rf.  knowledge  of  the  altitude  objective  In  considerable  detail 

ffle  is  to  1.  rivlw  Uir^?K  M  °'  016  COntro1  s!'stem  “  «>e  desired  altitude  pro- 
me  Is  to  be  realized  with  a  reasonable  degree  of  accuracy. 

a  desire^aintudl’t^^  C*V’  11  Ia  P°ssIbIe  to  acquire  a  good  estimate  of 
a  aesired  altitude  trajectory  for  a  substantia!  time  In  the  future  on  the  basin 

deDend^rwft^rd*3  °bta!'?cd  by  a  ,crWird  looking  radar.  Altitude  performance 
>  ;  ;^CUJaCy  °(  the  rldlr  measurements,  but  upon  the 

c»brrmVd  22?  rr:T  suie  i  Me 

can  £  maintained  in  the  •mPh”»*ed  that  altitude  performance(accuracy) 
cambe  maintained  in  the  presence  of  significant  errors  in  many  of  these 

me^noT  ?  Uf  ®^fl.cient  additional  acceleration  la  allowable.  No  treat- 
ment  of  terrain  following  performance  is  therefore,  complete  with  a  conald- 
°{  an  altitude  profile  alone,  but  must  be  considered  simultaneously 
with  the  resultant  acceleration  and  required  measurement  accurals  7 
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Section  3 

CONTROL  APPROACH 


THEORETICAL  CONSIDERATIONS 

The  approach  selected  for  this  system  is  based  upon  the  concept  that 
the  determination  of  a  desired  altitude  trajectory  h  and  the  control  of  the 
aircraft  are  separable  problems.  Although  this  win  not  be  entirely  true  in 
the  resultant  system,  it  will  be  shown  to  be  a  good  approximation,  and  per¬ 
mits  considerable  simplification  in  the  control  system  synthesis.  In  addition, 
this  approach  permitted  the  generation  of  a  desired  altitude  trajectory  to  be 
carried  out  without  the  complication  of  simultaneously  considering  control 
system  stability. 

Assume,  for  the  present,  that  the  desired  altitude  trajectory,  h^fp), 
la  known  relative  to  the  terrain  altitude,  hj(u)  as  shown  in  Figure  1  . 
Present  absolute  (inertial)  altitude  is  denoted  by  h(t)  and  present 


Figure  1.  Illustration  cf  Nomenclature 

clearance  by  h  (t).  Independent  variables  *  and  p  represent  present  and  future 
times,  respectively,  and  7  representsatimeproportionaltomaximum  range.  The 
symbol  ( rj)  is  a  time  variable  running  from  maximum  range  (time)  to  zero  range  (Ur, 

A  requirement  lor  the  synthesis  of  the  control  system  Is  a  model  of  the 
vehicle  dynamics  to  be  controlled.  It  Is  assumed  that  the  basic  form  of  the  I 

aircraft  inner  loop  dynamics  are  fixed  by  other  considerations  such  as  pile.  j 

handling  qualities  and  that  unlimited  freedom  is  not  available  in  the  specific  . 
form  of  the  Inner  loop  transfer  function.  It  will  be  shown  subsequently  that 
the  inner  loop  may  be  represented  either  by  a  simple  pole  or  a  damped-  j 

quadratic  for  the  two  types  of  stability  augmentation  systems  considered. 

( 
I 

i 

I 


5 


I  The  majority  of  the  results  reported  are  based  upon  the  first  order  model  of 
J  the  stability  augmented  aircraft,  although  a  complete  derivation  for  the  seccnd- 
j  order  model  was  carried  out  and  reported  in  the  1st  Technical  Progress  Report 
I  Figur»*  3  depicts  the  assumed  form  of  dynamics  for  the  subsequent  discussion. 


Figure  2.  Vehicle  Dynamics 

The  synthesis  of  an  'optimum*  control  system  requires  that  some 
index- of- performance  to  be  maximized  or  minimized  be  defined.  An  in¬ 
stantaneous  error  measure  of  the  form  of  equation  (1)  Is  postulated. 

H(h.<t),  h(t),  h(t),  m(t)|  *  |[hd(t)- hT(l)|-hc(t)|  2 

(Vl)‘  0) 

This  form  represents  the  more  general  control  problem  where  specific  verti¬ 
cal  velocity  (VD(t)and  acceleration  (A^ft)  functions  are  known  and  included. 

Equation  (1)  represents  only  an  instantaneous  measure  of  control  system 
error.  A  more  realistic  lnctex  of  performance  would  be  the  integral  of  equa¬ 
tion  (1)  over  a  period  of  time.  Since  the  effects  of  control  can  only  be 
realized  in  future  time,  it  is  logical  to  seek  that  control  system  which  mini¬ 
mizes  the  integral  of  equation  (1)  over  all  future  time  for  which  is  known, 

l.e. ,  from  present  time,  t,  to  t  ♦  r.  Thus,  in  order  to  determine  the  'opti¬ 
mum*  system,  a  control  signal  which  is  an  explicit  function  of  the  measurable- 
state  signals  and  which  minimizes  the  integral  of  equation  (1)  is  to  be  obtained. 
It  is  essential  that  the  control  signal  be  determined  as  an  explicit  function  of 
measurable  state  signals  since  a  feedback  type  of  control  is  mandatory. 

The  minimization  of  the  integral  of  equation  (1)  i3  carried  out  in 
Appendix  I  of  the  Final  Technical  Report  and  leads  to  a  control  equation 
of  the  form  of  equation  12). 

m(t)  =  k,  (t)-  K]1  h (t>  -  Kl2  h(t)  -  K13hc(t> 


(2) 


A  blociJ  diagram  of  equation  (2)  is  shown  in  Figure  3  in  a  somewhat 
more  conventional  form. 


M*) 

*13 


k  (t) 

The  input  signal  in  Figure  3,  -r- —  ,  ia  a  command  clearance  which 

13 

is  time  varying  and  as  shown  in  Appendix  A,  is  obtained  as  a  solution  to 
equations  t3),  (4),  and  (5),  where  tj  denotes  reverse  time  and  evaluation  is 
required  at  tj  »  7,  or  present  time. 


HT<7?)I  ’  f  ~K -  ♦HT(rj)j 

*13  1 

(3) 


d  r  ^  (T?)  K,,  (  M 

"T  M 1  '  1^7  l(iqpr13*HT<’»H 

Ki  In)  , 

-  (-7 -  *Ht(,)J  (4) 


ht  (n)  1  - 


I  *,(»>  , 

jhqj-  *  htwj-hd(,)][  (5) 


A  block  diagram  of  a  system  to  solve  equations  (3),  (4)  and  (5)  is  shown 
in  Figure  4  .  Note  that  these  are  referred  to  as  K-equations. 
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?  ig-ure  4.  Block  Diagram  of  *K-Equat 


ions' 


*caled°Ti^lo^mua must  '“t-time 

a  significant  change  in  its  position.  aIrcra/t  3  veioclty  has  caused 

— £  X1?  tor 1"  figure  4  are  .he 

In  Figure  3  .  Obtaining  a  solution  tn’J!  V)°8e  ?iv*he  altltude  looP  shown 
equivalent  to  flying  a  model  nf  th*  eq,uatlona  W  through  (5)  la  thus 
the  desired  altfiS  ta  *«*'  3  ^clcwards  over 

equations  (3)  through  15)  jn/L  .  thtterenee  between  the  solution  to 

clearance  which  lags  the  required  clears  llt.ulie’  HT  ^  *•  then  a  command 
leads  the  required! leaAn«  to /or»^  ta  ffV^8€  “me,  “d  therefore 

solution  Is  not  only  valid  tor  present  tlmi^’f  ,More°''er>  time  varying 
consistent  with  the  accuracy  of  the  radTi  ’  f°r.?  <Uat*nce  toto  the  future 

conclusion  Is  partleuto?"y  **  "rraln-  Thls  totter 

continuous  co^and  to^evt!  too«!  10  obUto  a 

rain)  la  sampled  periodically  (al  rattor  tto$°  *°rMrd  ter‘ 

of  eq^tton  «?' Ts'Z^'ZZTJt"  o/l*  /tttolmiratlon  of  the  Integra! 
CAppendut  A):  ®  algebraic  equations  be  satisfied 


*t*3KU-Kli  *« 


V2KnK12-*122  =  o 


*13  *<• 


(8) 

(7) 

(8) 
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The «=  equations  permit  the  gains,  Kn,  KJ2,  and  1C  i„  Figure  3 

9  01  ?fkW.el*htf"g  fictors  (tradeoff  consideration), 

?h,  eh,  and  0g.  It  is  apparent  that  specification  of  the  inner  loop  time  con- 

Se  to  th?«  weSu^l!^^  '"c*1”  01 

bv  (nennnr  ,  r-t  ^  «c»rs.  In  fact,  the  gain  ILj  may  be  determined 

direct^concern  dvaf  rrirl  M  ind,  L  t°,be  1/T'  Since  aititude  rate  Is  not  of 
il  l  ,  *'  a  Ioelcal  Cholce  (or  «h  *»  aero.  The  remaining 

tweer  o  ando  to  L>°h3  eithe^,  ®h  or  4e'  or  a  functional  relationship  te- 
Ph  and  »g  to  ^  chosen.  Stole  dibasic  tradeoff  is  altitude  error  lor 

ir,rrntl“'  the  ratl°  01  *JT 10  *h  «•  a  ^ginal  choice.  The  ratio 
chosen  for  the  majority  of  the  simulation  results  was 


( a  12 

\  ^mr/sec2/ 


.3 


of  etStton^)^  aItltUde  Joopfend  ^  e<luatk>n9  3>  «.  5>  for  the 


(9) 


choice 


“ll  -  2  radians/ sec 


12  2 

=  0.6  ft/ sec  /ft/ sec 


>■ 


(10) 
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-  0.  3  ft/sec/ft. 


The  selection  of  Ku  -  2  rad/sec,  represents  a  median  of  all  the  flight 
augmentation'asaumech  cordlguratlons  adih  toe  self-adaptive  stability 

gENERATION  OF  DESIRED  ALTITUDE  TRA.TFPTn^y 

.<^i?nertl0n  ^<the  deBlTed  aJtltude  trajectory,  (h  J,  is  the  most 
significant  remaining  area  where  performance  can  be  ?reativ 

^taU  S1/  *  «&■»-  g™.Hayr^r;;L 
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The  generation  of  certain  portions  of  an  acceleration- limited  trajectory 
is  relatively  straight  forward.  Consider  the  terrain  depicted  in  Figure  5  . 
Henceforth,  the  offset  clearance,  h  , 


h.  ♦  h 
o  O 


Figure  5.  Generation,  Front  Side 


will  be  disregarded  since  this  constant  can  be  introduced  again  at  any  time. 
The  only  problem  of  concern  here  is  the  time-varying( or  distance- varying) 
component  of  h^  relative  to  h^..  The  terrain  profile,  Hp  is  scanned  In 

time  sequence  from  maximum  range  down  to  2ero  range.  Certainly  near 
the  tops  of  hills  (as  shown  in  Figure  5  )  the  desired  altitude  trajectory  is 
simply  the  acceleration  limited  profile  (dotted  line).  This  portion  of  is 

generated  by  simply  imposing  a  hard  limit  on  negative  acceleration  In  a 
wide- bandwidth,  second-order  tracker  which  otherwise  follows  H^.  with 
negligible  errors.  The  hard  limit  on  negative  acceleration  is  imposed  only 
when  the  slope  of  la  less  than  or  equal  to  zero. 

It  is  obviously  not  possible  for  the  aircraft  to  fly  a  trajectory  whose 
first  derivative  is  discontinuous  as  is  the  case  where  H.(h)  Intersects  H-j.  (rj) 
near  the  bottom  erf  the  hill.  However,  the  dynamic  prediction  will  smooth 
this  "comer"  in  by  giving  up  positive  altitude  error.  Thus,  even  though 

the  portion  of  the  desired  altitude  trajectory  which  requires  positive  accel¬ 
eration  is  not  generated,  the  system  tends  to  fill  in  this  part  in  a  safe  man¬ 
ner.  In  order  to  restrict  the  positive  acceleration  to  a  reasonable  value, 
however,  it  is  necessary  to  limit  the  maximum  negative  slope  of  H^in)  as 

well.  The  specific  limit  depends  upon  the  choice  of  weighting  factors 


)  and  for  those  chosen,  (12.3),  the  limbing  rate  on  Hd(v)  Is  approximately 


100  fps,  Independent  of  speed. 


When  the  terrain  is  sloping  downward,  as  depicted  In  T'gure  6  ,  the 
desired  altitude  trajectory  is  initially  a  negative  acceleration- L'.ntted 
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Uo^ol  h^reauires ^that'h*  shown  in  Figure  5  .  The  generation  of  this  pot- 
ion  oi  nd  requires  that  hT  be  read  out  in  forward  time  sequence. 


Figurcfi.  Generation,  BackSide 
To  accomplish  this  would  require  additional  storage.  A  simpler 

? Ultude  io0p  COmea  0ut  of  saturation  and  settle? out  as  it 

1  to  30  altltude  error'  11  ia  a^<>  necessary,  in 

this  latter  case,  to  limit  the  command  altitude  rate  in  order  to  restrict  the 

nuxiraum  positive  acceleration  in  the  pull-out.  Again,  for  the  ratio  of 
^g^h  chosen>  thc  limiting  altitude  rate  is  approximately  100  FPS,  inde¬ 
pendent  of  speed. 

iitr?dUCti0n  0t  negative  acceleration  and  decent  rate 
limits  in  the  altitude  loop  permit  a  more  simpie  generation  of  h  this 

aimpli/ication  leads  to  a  difficulty.  Since  Hrf  (r,)  and  H-fo)  are  identical 
when  h^Tj)  >o  (consideration  of  hQ  notwithstanding),  the  relatively  large 
change  Ink^rj)  near  the  top  of  a  hill  cannot  be  followed  by  the  altitude  loop 
and  is  smoothed  in  much  the  same  manner  as  the  pull-up  corner  (Figure  s  ) 
except  that  this  smoothing  leads  to  a  negative  clearance  error  whictfcan  be  ’ 

i ^  the  lower  scan- limit  of  the  radar. 

The  lower  scan- limit  is  representative  of  a  worse  case  terrain-decent  rate 

f'"C'  '«'■>*  ■Jcp.s  greater  than  thl.  limit  can  not  be  seen.  To  remove 
thle  negative  clearance  error  without  resorting  to  additional  complexity  In 
generating  hd,  the  gains  of  the  K-equations  (3),  (4),  (5))  were  increased  by 
an  order  of  magnitude  whenever  H-fy)  is  increasing  (back  sides  of  hills)  so 
as  to  prevent  the  co  nmand  clearance  from  ever  becoming  neitive  lhe 
manner  in  which  this  is  accomplished  is  discussed  later.  This  technique 
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an y %signific^ n^a m oun U 1 1 01  ^  the  desired  altitude  trajectory  by 

ward  sloping  terrain  Suchlm  ^  expei?se  of  rem'^ving  prediction  on  down- 

clobber,^ Pbufs^rs  m  fha *lnTCh  iS  ^  fr°m  tee  Endpoint  of 
’  soners  in  that  mean  clearance  must  necessarily  increase, 


U1  to^the ^M^appr^ch^  discussed  are  not  lundamen- 

comp lexity  at  this^We of  rather  than  resort  to  additi°nal 

complexity  required  to  generated  m™  eveIopment.  Although  the  additional 

is  not  large  in  terms  1  6  reaJlstic  desired  altitude  trajectory 

mit  the  incorporation  of  a  forward  e/?ulpmen*;  the  time  schedule  did  not  per- 

As  a  consequence  l<the°re suiter pnorTw  “*1™*  *  the.s^ulation  facility. 

K-equations,  and  with  negative  a crpi^r  fre  ^j56  obtained  nor, -linear 

altitude  loop.  6feat*Ve  acceleration  and  decent-rate  limits  in  the 
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Section  4 

SIMULATION  FACILITY 


lion  “V3  “tUdy  ’”S  COmPOSetl  °'  *  C°roblna 

some  lnter£icePeq?lpmcnte  equlpraent'  1  standard  wlog  computer,  and 

gene  JI,oVw«rctn^L^dar'  ?dio  *H»nwter,  and  part  of  the  command 
the  t  J  d5'“‘  bulldl"8  bl«k»-  rematnder  ot 

which  Included^  total  i  iTo  d0n!,’"U!  2  Phllbrlck  operational  manifolds 
Uted  on  a!t  ?,ec^  was  slmu- 

is  a  block  diagram  of  this  facial  31-RanaIog  computer.  Figure  7 

£?/  m^T  S/tTS  *'* 

”»  Philbrlc 
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Section  5 


SIMULATION  RESULTS 


INTRODUCTION 


The  physical  forms  of  the  actual  data  obtained  from  the  simulation 
were  of  two  kinds.  The  first  and  largest  quantity  was  taken  by  conventional 
traces  of  system  variables  on  an  eight  channel,  Model,  Mark  200  Brush 
Recorder.  The  second  class  of  data  was  taken  in  digital  form  with  special 
equipment;  which  Is  a  part  of  the  computer  laboratory  facility.  This  equip¬ 
ment  works  in  conjunction  with  an  IBM  1620  computer  to  make  an  analog- 
to-digital  conversion  and  punches  the  data  on  standard  cards.  The  data  taken 
were:  aircraft  clearance  altitude,  normal  acceleration  at  the  center-of- 
gravity  and  normal  acceleration  at  the  pilot's  location. 

The  digital  data  taken  were  used  with  the  IBM  1620  computer  to  make 
the  following  reductions. 

A.  Minimum  Clearance 

B.  Maximum  Acceleration  at  pilot 

C.  Root  mean  square  acceleration  at  pilot 

D.  Root  mean  square  acceleration  at  c.g. 

E.  Average  Clearance 

F.  Cumulative  Distribution  Clearance 

G.  Cumulative  Distribution  Acceleration  at  pilot 

H.  Auto  Correlation  Function  of  Acceleration  at  pilot 

PERFORMANCE  MEASURES 

Terrain  following  performance  can  be  quantitatively  measured  in  a 
number  of  ways,  but  no  generally  accepted  standard  of  total  system  per¬ 
formance  exists  at  the  present  time.  Most  performance  measures  that 
have  been  suggested  are  useful  primarily  In  evaluating  the  effects  of 
variations  In  system  parameters  or  in  comparing  the  performance  of  one 
approach  vs.  another.  The  format  of  the  data  presented  in  the  final  report 
is  not  intended  to  suggest  any  universal  performance  measure,  but  to 
describe  the  pertinent  results  in  a  reasonably  concise  manner. 

The  two  most  significant  measurements  used  to  describe  system 
oehavior  ar2  clearance  altitude  and  normal  (approximately  vertical)  accel¬ 
eration.  Average  clearance  altitude  Is  quite  generally  accepted  as  a  meas¬ 
ure  of  vulnerability  at  a  specific  speed  over  a  specific  terrain.  A  measure 
of  the  likelihood  of  collision  with  the  terrain  is  obtained  from  the  distribution 
of  the  lower  clearance  altitudes.  Probability-of-clobber,  as  obtained  from 
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Smimcm” a85umes  ‘tat  «>e  distribution  of 
1,0,2  ,  ‘T  ®*  to*®‘  mea8urtd  clearance  altitude 

loMhe  v£tat  ™  tovMttgated,  *  specUI<:  “‘"'mum  clearance 

#  t ,  condition  can  be  found  In  the  absence  of  system  mr  1- 

" f  wdom  eenaor  errors.  As  an  absolute  number  protab  lily- 

f»;  tb.  n0,  r“‘  “!^nlilcance  1"  8«h  a  case.  As  a  retaUve  nWber 

^  ,e“CCla  o'  Parameter  variations^  K; 

Js  lt  l,  .^1%  ^  ?  1 2  “Mful  For  evaluation  of  flight  safefy 

“tlmiterlro.^f^.  ?rror  60ur“9’  »uch  «  U-ose  of  theradxr, 

protabllitv  clnwtr  tf  0nlet  m3 4 5’  or  **  e£,ected  by  equipment  reliability, 
protabtuty-of-clobber  has  significance  In  an  absolute  sense. 

a  p^?°«  to  recording  vertical  acceleration  Is  to  obtain 

co“ita7ta  aPnSLta?^  (or,ftocomfort).  A  great  deal  of  study  has  been 
SlinL  a  *  tovestlgators  to  obtain  a  standard  of  riding  quality 
for  a  nawi  *1  tude  ms50n-  Although  no  one  number  Is  a  sufficient  Index 
spect^l  cta^t^l^Tt  ,3htudle»  apparently  agree  that  both  magnitude  and 
STr^!, f  ‘  °' the  acceleration,  as  sell  as  duration  of  exposure, 
*rc  required  to  obtain  an  adequate  measure  at  the  ride.  ^ 

n°t  0flly  Mnsitive  magnitude  (and  direction)  of 
acceleration  but  the  frequency  at  which  the  various  levels  of  acceleration 

occur,  a  histogram  of  acceleration  for  several  representative  runs  have 
been  included  in  the  final  report.  Digital  data  recording  and  Pr^e3Zr  time 
would  have  been  prohibitive  to  obtain  this  data  on  all  runs.  ^ 

...  *  ^°*t4Jtef0l7n*tlv«  on  acceleration  appears  to  be  the  auto  cor¬ 

relation  function  since  this  presents  not  only  the  mean- square  acceleration 

°*  the  hlgh  fre<^ency  content  of  the  force^acting  on  the  pilot' 

r  denflUy  18  PerhaP8  a  morc  common  measure  ' 

correlation  function  was  simpler  to  obtain  from  the  digital  data  and 
contains  the  same  Intrinsic  information.  Here  again  this  measure  has  not 

St  *«"•  *  *  *“*«»  «-  *■  therefo^Tuseful  o~co motive 

EXTENT  OF  RESULTS  OBTAINED 

T^e  full  report  includes  data  as  a  result  of  study  into  the  following 
areas  of  terrain  following  (T.  F.):  louowing 

1.  Effects  of  flight  conditions  upon  T.  F.  performance 

2.  Effects  of  wind  gust  upon  T.  F.  performance 

3.  Effects  of  radar  errors  upon  T.  F.  performance 

4.  Effects  of  minimum  clearance  setting  upon  T.  F.  performance 

5.  Effects  of  radar  frame  time  upon  T.  F.  performance 
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6. 

7. 

8. 


S,r0T^e  °rerr,riou3  ,erra"> 

Actuator  behavior  during  T.  F.  one  ratio! 
ot  Integration  into  an  automatic  T.  F.  system 
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Section  6 
CONCLUSIONS 

A  new  and  different  concept  of  control  for  terrain  following  has  been 
demonstrated  to  be  feasible,  through  simulation.  Although  the  program  ob¬ 
jective  was  not  to  obtain  the  beat  possible  performance,  results  indicate  that 
performance  obtained  during  the  initial  phase  is  equal  to  or  better  than  state- 
of-the-art.  If  a  desired  altitude  trajectory  which  is  essentially  the  theoretical 
limit  of  performance  can  be  generated  with  practical  equipment,  the  form  of 
control  system  simulated  will  permit  the  realization  of  that  trajectory  by  the 
aircraft. 

Seventeen  different  combinations  of  speed,  weight,  center-of-gravity, 
and  external  configuration  (wing  tanks)  of  the  F-105  were  investigated  to 
determine  the  effects  of  aircraft  dynamics  on  the  automatic  terrain  following 
control  problem.  It  was  determined  that  an  altitude  loop  having  adequate 
bandwidth  for  terrain  following  could  not  be  obtained  using  a  stability  augmen¬ 
tation  system  such  as  that  presently  on  the  F-105  without  significant  modifi¬ 
cation.  An  adequate  altitude  loop  over  a  sufficiently  wide  range  of  flight 
conditions  and  aircraft  configurations  can  be  synthesized  using  presently 
available  self-adaptive  techniques  for  stability  augmentation. 

The  effects  of  vertical  wind  gusts  upon  terrain  clearance  can  be  made 
negligible  with  a  properly  designed  altitude  loop  closed  on  a  high-galn  stability 
augmentation  system.  The  use  of  a  high-gain  stability  augmentation  system, 
however,  leads  to  continuous  high- amplitude,  high-frequency  motion  of  the 
series  and  power  actuators.  Sufficient  experience  with  such  high- gain  systems 
is  not  available  to  conclude  that  actuator  reliability  will  not  be  compromised. 

The  basic  control  approach  is  not  unduly  sensitive  to  random  errors  of 
the  magnitude  to  be  expected  from  a  vertically-scanning,  on- bore  sight  radar 
presently  available.  The  required  period  between  successive  vertical  radar- 
scans  can  be  as  high  as  0  seconds  at  aircraft  speeds  up  to  Mach  1.2  without 
seriously  compromising  performance.  Frame  time  of  the  radar  has  noeffect 
upon  control  stability. 

A  manual  mode  of  control  which  permits  performance  essentially  equal 
to  that  obtained  by  the  automatic  system  was  simulated.  However,  the  per¬ 
centage  of  the  pilot's  attention  that  would  be  necessary  to  achieve  these  results 
was  considered  to  be  excessively  high.  No  difficulty  occured  in  entering  man¬ 
ual  from  automatic  control  or  in  entering  automatic  from  manual  control. 

B  is  estimated  that  the  performance  indicated  by  simulation  results  can 
readily  be  achieved  with  a  size,  weight,  cost,  and  reliability  of  equipment 
which  is  consistent  with  tactical  aircraft  requirements. 
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Section  7 


RECOMMENDATIONS 

A  significant  reduction  In  average  clearance  can  be  achieved  within  the 
same  acceleration  limits  (magnitude)  by  a  better  estimate  of  the  de3lred  alti¬ 
tude  trajectory.  It  has  been  demonstrated  that  this  problem  can  be  attacked 
without  a  simultaneous  consideration  of  control  system  stability.  If  the  two- 
point  boundary  value  problem  can  be  solved  'with  a  practical  mechanization, 
then  the  "ideal  profile"  suggested  by  CAL  should  be  obtainable  over  any  terrain 
at  any  speed.  It  is  recommended  that  a  primary  effort  be  applied  to  a  practical 
solution  of  this  latter  problem  for  the  terrain  following  application. 

The  simulation  should  be  extended  to  include  continuous  velocity  scaling. 
No  particular  problems  are  foreseen  for  the  most  likely  range  of  flight  con¬ 
ditions.  At  very  low  speeds,  however,  the  relatively  large  variations  in  speed, 
without  throttle  control,  could  present  some  difficulties  that  have  not  been  suf¬ 
ficiently  explored. 

A  great  deal  of  information  on  the  future  behavior  of  the  .system,  such 
as  predicted  altitude,  is  potentially  available  and  should  be  of  considerable 
value  as  a  "confidence"  form  of  display.  Similarly,  for  manual  operation,  it 
Is  possible  to  display  not  only  the  present,  but  the  future  command  in  contin¬ 
uous  form.  A  study  of  the  specific  information  of  a  predictive  character  and 
the  form  that  it  should  talce  in  order  to  best  utilize  the  capabilities  of  the  pilot 
is  recommended. 

System  operation  without  the  use  of  a  radar  altimeter  should  be  explored 
in  more  detail.  For  the  same  level  of  performance,  a  more  accurate  radar 
may  be  required,  but  the  smoother  ride  that  results  from  omission  of  the  altim¬ 
eter  in  the  control  loop  may  have  substantial  advantage. 

A  specific  form  of  failure  detection  should  be  simulated  in  detail.  The 
amount  of  decision  time  avallaDle  to  the  pilot  should  be  determined,  and  con¬ 
sideration  given  to  an  alternate -mode  decision  process. 


A  potential  problem  has  been  reported  with  regard  to  the  behavior  of  the 
stab'.lator  actuators.  It  is  recommended  that  further  study  be  made  with  the 
purpose  of  determining  a  specific  solution.  This  should  be  conducted  with  a 
damping  sensor- gam  changer  operating  as  a  part  of  the  self-adaptive  control 
simulation.  Further  study  is  recommended  in  the  areas  of  power  actuator 
dynamic  variations  and  control  oeadband. 

It  Is  recommended  that  plans  be  made  to  carry  out  a  flight  test  to  further 
the  development  of  an  advance  control  system  with  capabilities  demonstrated 
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for  ^forward'-  iid°a  *1,  Si,  I”**,  *  T*™***  to  ty-pass  the  need 

thia  flight  test  to  parallel  further  simlfiaH  re  !f  ^e*  control.  By  planning 

nude  to  a  complete  52t  *  methodical  «*P  c*»  be 

to  an  operational  phaseefficfently,  xped  tloufl  nun061*  ^  bring  such  a  aysten 


24 


Section  8 
REFERENCES 


BEST  AVAILABLE  COPf 


'■  P  Avowee.  Co Concepts  <°l  Terrain 
31  January  I960  a  ^wratory,  Inc.  teportNo.  IH- 1224- 

Control  y  H‘  *  jfofflytlcal  Investigation  of  Flight 

^Ara/ysfs.  pisturl»"™'  (or  Flight  Control  System 

ssjclsr  m2  gU  tomf’an>’'  n®.  As&Timmrr^ - 


September  1962  6  '-umpnny,  ho.  ASO-TOgW-MV,  - 

^on^Ae^nc^  (AD  CON  II), 

February  1963  ^^tory,  Inc.,  Report  No.  BM705-E-2, 

''  Pw!'  Report  ■  Advance  Concepts  (or 

^Lcw^AIUtude,  Trfrt‘-^MU,iar°rMU<?r0f  ”*"?*"  Performance  o.rine 

November "1963  ^ — peetJ  Flight,  Trecom  TechmcarReport  63-527 

’■  "^r  for  Feedtarl'  r™,~,g" — 

8 

9  A  Nort"^ Ame 


25 
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We  use  state-of-the-art  high  speed  document  scanning  and 
reproduction  equipment.  In  addition,  we  employ  stringent  quality 
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allows.  However,  the  following  original  document  conditions  may 
adversely  affect  Computer  Output  Microfiche  (COM)  and/or  print 
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•  Pages  with  background  color  or  light  colored  printing. 

•  Pages  with  smaller  than  8  point  type  or  poor  printing. 

•  Pages  with  continuous  tone  material  or  color 
photographs. 

•  Very  old  material  printed  on  poor  quality  or  deteriorating 
paper. 

If  you  are  dissatisfied  with  the  reproduction  quality  of  any 
document  that  we  provide,  particularly  those  not  exhibiting 
any  of  the  above  conditions,  please  feel  free  to  contact  our 
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DSN  427-9066/9068  for  refund  or  replacement. 
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